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Abstract 
 
Graphitic carbon nitride with photo-attached platinum nanoparticles of typically 2.5 nm 
diameter, Pt@g-C3N4, is known for photo-generation of hydrogen in aqueous 
environments and in the presence of hole quenchers. Here, the generation of photo-currents 
from photo-hydrogen production is observed at a platinum electrode, driven by oxalate or 
glucose hole quenchers, and enhanced with the polymer of intrinsic microporosity PIM-1 
coated over the Pt@g-C3N4 deposit. The ability of PIM-1 to create triphasic conditions and 
to capture hydrogen leads to enhanced photo-current responses even in the presence of 
ambient oxygen. Effects are discussed in terms of triphasic solid | liquid | hydrogen gas 
based electrode processes. A glucose concentration dependent (super-Langmuirian) photo-
response is observed. Possible applications are proposed in glucose sensing and in 
hydrogen-mediated photovoltaics. 
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1. Introduction 
Photoelectrochemical processes generally rely on excitation of a photoabsorber followed 
by charge separation and transport of charges. Systems have been developed particularly 
based on porous semiconductor electrodes, e.g. Grätzel cells [1]. However, charge carrier 
transport could be replaced by other types of energy carrier transport mechanisms. It is 
shown here for the case of the graphitic carbon nitride photocatalyst, g-C3N4, that the 
mobile species in a photoelectrochemically active device can also be neutral, based on 
hydrogen diffusion. The efficiency for hydrogen capture and transport towards the photo-
electrode surface is enhanced under triphasic reaction conditions with a microporous 
polymer film coating.  
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The photocatalyst graphitic carbon nitride, g-C3N4, has been known for many years [2,3] 
and is readily prepared [4,5] from organic precursors. This type of catalyst has been shown 
to be effective in light-driven water splitting even in pure water [6] without added quencher 
molecules. Graphitic carbon nitride absorbs light in the blue up to approximately 450 nm 
with a band gap of 2.7 eV [7]. Catalysts can be deposited onto the particulate g-C3N4 
(obtained from melamine [8]) to enhance charge separation and water splitting reactions. 
Nanoparticulate platinum photo-deposited onto particulate g-C3N4 (to give Pt@g-C3N4 [9]) 
is known to give good hydrogen evolution characteristics [10,11]. In this report, particulate 
Pt@g-C3N4 photocatalyst is coated onto a platinum working electrode to give a new type 
of photo-active electrode. In contrast to traditional semiconductor electrodes that are based 
on charge carrier transport, here hydrogen is produced locally (as energy carrier) and 
transported to the electrode surface. This type of process is shown to be enhanced by a 
coating with a hydrogen-capture film based on the polymer of intrinsic microporosity PIM-
1 [12,13].  
 
Polymers of intrinsic microporosity (PIMs) have been introduced to electrochemistry only 
relatively recently [14,15]. Beneficial features of PIMs are processability from solution, a 
molecularly rigid structure creating a high surface area, and porosity with typically 1-2 nm 
pore size. Effects of polymers of intrinsic microporosity on triphasic solid | liquid | gas 
catalytic reactions have been noted previously, for example for oxygen reduction and 
hydrogen evolution [16], for formic acid oxidation [17], and for hydrogen gas transport in 
partially carbonised PIM materials with embedded platinum catalysts [18]. PIM-1 has the 
ability to allow both electrolyte transport whilst simultaneously binding and transporting 
hydrogen gas. Figure 1 shows the molecular structure of PIM-1 and a schematic illustration 
of a process in which light-induced hydrogen evolution occurs close to the electrode 
surface with a layer of PIM-1 providing mechanical stability and a hydrogen capture 
function.  
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Figure 1. Schematic illustration of Pt@g-C3N4 photocatalyst at a platinum electrode 
surface generating hydrogen. A PIM-1 coating is applied to provide mechanical stability, 
to capture hydrogen, and to provide triphasic reaction conditions. 
 
 
In this exploratory study, effects of PIM-1 coatings on the performance of Pt@g-C3N4 
photocatalyst are investigated for light driven hydrogen evolution processes. Quenchers 
such as oxalate and glucose are investigated. Oxalate is a well-known and very effective 
quencher and employed here in high concentration to maximise the hole quenching effect. 
Glucose has been selected as a model saccharide and as a potential break-down product of 
biomass. Photocurrents are generated even in the presence of ambient oxygen. A 
correlation of photocurrent with glucose concentration is demonstrated and a mechanism 
is proposed comparing argon de-aerated and ambient oxygen conditions. 
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2. Experimental 
2.1. Reagents 
PIM-1 was prepared following a literature procedure [19,20]. A solution of 2 mg PIM-1 in 
1 mL chloroform (see Figure 2d) was applied to electrode surfaces. The photocatalyst g-
C3N4 was obtained by heating melamine in a closed but gas-exchanging ceramic boat (500 
oC, 3h) adopting a literature methodology [9,21]. Platinum nanoparticles were photo-
attached to the photocatalyst by stirring a suspension of the photocatalyst in 0.3 M di-
sodium oxalate with illumination (LED,  = 385 nm, approximately 100 mW cm-2) for 72 
h. A grey colour (Figure 2e) clearly indicated the presence of platinum metal. Energy 
dispersive X-ray analysis (EDX) confirmed the presence of platinum in the form of 
nanoparticles of typically 2.5 nm diameter (see Figure 2c).  
 
 
Figure 2. Characterisation of Pt@g-C3N4 with (a,b) TEM. (c) Histogram of the platinum 
nanoparticle size distribution with maximum at diameter 2.5 nm. (d) Photographic image 
of PIM-1 solution in chloroform and (e) of the Pt@g-C3N4 suspension in isopropanol. 
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2.2 Instrumentation 
Electrochemical experiments were performed with an Autolab PGSTAT (Metrohm, UK) 
controlling a three-electrode system with 3 mm diameter platinum working electrode, 
saturated calomel SCE reference electrode, and platinum wire counter electrode. The 
electrochemical cell allowed light from a power LED ( = 385, Thorlabs, UK) to pass 
through a quartz window and 2 ± 1 mm solution to interact with the working electrode. 
Transmission electron microscopy (TEM) images were obtained with a JEOL JEM-
2100Plus system equipped with an Oxford Instruments X-MaxN TSR Windowless  Energy 
dispersive X-ray analyser (EDX). 
 
 
 
3. Results and Discussion 
3.1. Photoelectrochemical Hydrogen Evolution at Pt@g-C3N4 Enhanced by PIM-1: 
Oxalate Quencher  
Initially, a quencher solution of saturated sodium oxalate (approximately 0.3 M di-sodium 
oxalate at pH = 7.4) is employed to generate substantial photocurrents. An amount of 75 
g Pt@g-C3N4 is deposited onto a 3 mm diameter platinum disk working electrode and is 
then immersed into the quencher solution in line with the LED light source. Figure 3A 
shows a cyclic voltammogram with a prominent reduction peak at -0.1 V vs. SCE (black 
line). This can be identified as the reduction of ambient oxygen. When applying pulses of 
light (LED, 385 nm, ca. 100 mW cm-2, 2 s on and 1 s off, red line) clear oxidation responses 
are detected due to the localised formation of hydrogen at the Pt@g-C3N4 photocatalyst. 
The hypothetical mechanism can be expressed as a sequence of excitation (equation 1), 
charge separation (equation 2), hole quenching (equation 3), hydrogen evolution (equation 
4) in competition with oxygen reduction, and hydrogen consumption (equation 5) at the 
platinum working electrode. 
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Pt@g-C3N4   +   hv               Pt@g-C3N4*                                               (1) 
Pt@g-C3N4*                Pt
-@g-C3N4
+                                                        (2) 
Pt-@g-C3N4
+     +     ½ oxalate2-        Pt-@g-C3N4     +     CO2                (3) 
Pt-@g-C3N4     +     H
+             ½ H2                                                        (4) 
H2                   2 H
+    +    2 e-(platinum)                                                  (5) 
 
 
 
Figure 3. Cyclic voltammograms (scan rate 20 mVs-1; black = no illumination; red = 2 s 
on and 1 s off, 385 nm LED) at a 3 mm diameter platinum disk electrode coated with Pt@g-
C3N4 and immersed in 0.3 M di-sodium oxalate; (A) in ambient air with 75 g Pt@g-C3N4. 
(B) under argon with 75 g Pt@g-C3N4; (C) under argon with 150 g Pt@g-C3N4. 
 
 
When this experiment is repeated under the same conditions, but after de-aeration with 
argon, the oxygen reduction peak is removed (see Figure 3B, black line) and the 
photocurrent signals are increased over the complete range of applied potentials. Now, in 
the presence of light, the oxidation of hydrogen produces a threefold increase in 
photocurrents (close to 17 A). The presence of recombination processes due to oxygen, 
evident in data in Figure 3A, has been eliminated. Next, the experiment is repeated with a 
higher loading of photocatalyst (150 g). Figure 3C shows that the effect of doubling the 
amount of photocatalyst on the voltammetric responses is minor and that therefore the 
loading with catalyst is not a crucial experimental parameter. 
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The polymer of intrinsic microporosity PIM-1 can be employed to capture hydrogen and 
to modify the local reaction conditions at the electrode surface. When applying the polymer 
of intrinsic microporosity PIM-1 over the surface of the photocatalyst, significant changes 
in photocurrents can be observed. In Figure 4, data are shown for argon deaerated oxalate 
solution and for (A) no PIM-1, (B) 10 g PIM-1, and (C) 20 g PIM-1. The presence of 
the PIM-1 polymer almost doubles the photocurrents, which can be attributed to hydrogen 
being captured and concentrated into the PIM-1 film. Hydrogen is then preferentially 
guided to the platinum electrode surface rather than escaping into the solution. Data in 
Figure 4C show further improvements with a thicker film of PIM-1. In fact, an underlying 
increase in apparent background current can also be attributed to the presence/build-up of 
hydrogen. It is interesting to note that the onset potential for hydrogen evolution is shifted 
positive in the presence of additional PIM-1 (see Figures 4B and 4C). This is linked to the 
local formation of protons during hydrogen oxidation at the platinum electrode. 
Acidification within the Pt@g-C3N4 catalyst layer is more likely with a thicker PIM-1 
coating and as a result the onset potential for hydrogen oxidation is shifted positive (see 
Figure 4C and 4F). 
 
 
9 
 
 
Figure 4. Cyclic voltammograms (scan rate 20 mVs-1; black = no illumination; red = 2 s 
on and 1 s off, 385 nm LED) at a 3 mm diameter platinum disk electrode coated with Pt@g-
C3N4 and immersed in 0.3 M disodium oxalate; (A) under argon with 75 g Pt@g-C3N4; 
(B) as before with 10 g PIM-1; (C) as before with 20 g PIM-1; (D) in ambient air with 
75 g Pt@g-C3N4; (E) as before with 10 g PIM-1; (F) as before with 20 g PIM-1. 
 
 
Next, this experiment is repeated but without de-aeration with argon. Figure 4D shows data 
for 75 g Pt@g-C3N4 in 0.3 M di-sodium oxalate. When a film of PIM-1 is applied (Figure 
4E) a substantial increase in current is observed. Doubling the PIM-1 layer thickness 
(Figure 4F) further improves the photocurrent responses.  
 
 
3.2. Photoelectrochemical Hydrogen Evolution at Pt@g-C3N4 Enhanced by PIM-1: 
Glucose Quencher 
Glucose is a reducing carbohydrate and readily oxidised at approximately 0.15 V–0.3 V vs. 
RHE (reversible hydrogen electrode) with a suitable catalytic electrodes including 
platinum [22]. Holes generated during illumination of g-C3N4 are therefore quenched (see 
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equation 9) to increase the formation of hydrogen. However, competition to oxygen 
evolution (equation 8) may also be possible. 
 
 
Pt@g-C3N4   +   hv               Pt@g-C3N4*                                               (6) 
Pt@g-C3N4*                Pt
-@g-C3N4
+                                                        (7) 
Pt-@g-C3N4
+ + ½ H2O     Pt
-@g-C3N4 + ½ O2 + H
+                               (8) 
Pt-@g-C3N4
+ + ½ H2O + ½ glucose    Pt
-@g-C3N4 + ½ gluconate + H
+ (9) 
Pt-@g-C3N4     +     H
+             ½ H2                                                       (10) 
H2                  2 H
+    +    2 e-(platinum)                                                  (11) 
 
 
Figure 5A shows data for a solution of 0.1 M glucose in 0.1 M NaOH in contact to a Pt@g-
C3N4 modified electrode (75 g photo-catalyst deposit). In the cyclic voltammogram 
without illumination (black line) some oxidation of glucose occurs. When employing 
pulsed LED light (red line) anodic photocurrent pulses consistent with hydrogen 
production are observed. These current pulses are diminished at a potential positive of 0.0 
V vs. SCE due to oxygen interference. At potentials negative of 0.0 V vs. SCE, oxygen is 
consumed directly at the Pt working electrode and photocurrents increase. When applying 
a film of PIM-1 (10 g; Figure 5B), photocurrents increase and show less dependence on 
the applied potential. When increasing the concentration of glucose to 0.5 M (Figure 5C), 
a further increase in photocurrent is noted. With additional PIM-1 (30 g; Figure 5D) the 
photocurrent is further improved. However, the rise time and decay time for these 
photocurrents is now relatively slow. Therefore, additional experiments are performed with 
longer time in chronoamperometry mode and over a wider range of glucose concentrations. 
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Figure 5. Cyclic voltammograms (scan rate 20 mVs-1; black = no illumination; red = 2 s 
on and 1 s off, 385 nm LED) at a 3 mm diameter platinum disk electrode coated with Pt@g-
C3N4 and immersed in 0.1 M NaOH; (A) 0.1 M glucose in ambient air with 75 g Pt@g-
C3N4; (B) as before with 10 g PIM-1; (C) 0.5 M glucose in ambient air with 75 g Pt@g-
C3N4 with 10 g PIM-1; (D) as before with 30 g PIM-1. 
 
 
Figure 6 shows data for light-on and light-off current responses for 75 g Pt@g-C3N4 
catalyst coated with 30 g PIM-1. It can be seen that the photo-current increases with 
glucose concentration. However, when reaching concentrations of 1.0 M and higher the 
increase is less pronounced and a plateau region is reached. This can be understood in terms 
of glucose adsorption onto the Pt@g-C3N4 photocatalyst and saturation of the photocatalyst 
surface at very high glucose concentrations. A plot of the photocurrent data versus glucose 
concentration is shown in Figure 6B with the “ideal” line for a Langmuirian glucose 
adsorption (with a binding constant KLangmuir = 40 mol
-1dm3) included. The deviation from 
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the Langmuir binding model suggests a recombination pathway at lower glucose 
concentration. Oxygen is known to quickly react with hydrogen (at the Pt catalyst). 
Therefore, further experiments were performed under argon with very similar results 
(Figure 6C and 6D). It is therefore proposed that incomplete adsorption coverage with 
glucose at the Pt@g-C3N4 surface may lead to localised oxygen formation (see equation 8) 
and this could be responsible for additional recombination losses at lower quencher 
concentration and super-Langmuirian characteristics. However, there could be 
other/additional mechanisms (e.g. interaction of glucose with platinum) giving rise to 
similar phenomena and further work will be required to investigate this process in more 
detail. 
 
 
 
Figure 6. (A) Chronoamperometry data (0.0 V vs. SCE; 10 s on and 10 s off, 385 nm LED) 
at a 3 mm diameter platinum disk electrode coated with Pt@g-C3N4 with 30 g PIM-1 and 
immersed in 0.1 M NaOH with (i) 0.0, (ii) 10, (iii) 20, (iv) 50, (v) 100, (vi) 500 mM glucose 
in ambient air with 75 g Pt@g-C3N4. (B) Plot of photocurrent versus glucose 
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concentration with a line indicating the Langmuir model with binding constant 40 mol-
1dm3. (C) As above but under argon. (D) Plot of photocurrents versus glucose concentration 
with a line indicating the Langmuir model with binding constant 40 mol-1dm3. 
 
 
 
 
4. Conclusions and Outlook 
It has been shown that photoelectrochemical hydrogen evolution at Pt@g-C3N4 catalyst 
particles occurs in aqueous environments enhanced by hole quenchers. With a film coating 
of the polymer of intrinsic microporosity PIM-1, the hydrogen product can be accumulated 
close to the electrode to give more substantial photocurrents.  
 
The photocurrents are shown to provide an analytical measure for the concentration of 
glucose in aqueous solution. Adsorption of glucose is proposed and (at lower glucose 
concentrations) the competing formation of oxygen may result in a super-Langmuirian 
dependency. More work will be required to further develop the analytical application (e.g. 
for different carbohydrates) as well as to improve the insight into the mechanism for a 
wider range of hole quenchers and conditions.  
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